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Abstract Research conducted over the last 20 years has established that inflammation 

Of trie airways is central to the airway dysfunction that chard eterises asthma. 
Typically, the airway wall is infiltrated by a variety of cells including mast cells, 
eosinophils and T Ijonphocytes, which have deviated towards a Th2 pheno type. 
Together, these cells release a plethora of mediators including interleukiii (IL)^4 5 
1L-5, granulocyte/macrophage colony-stimulating factor and eotaxin which ulti- 
mately cause the hi sto pathology and symptoms of asthma. Glucocorticosteroids 
are tlie only drugs currently available that effectively impact upon this inflam- 
mation and resolve, to a greater or lesser extent, compromised lung function. 
However, steroids are nonselective and generally unsuitable for paediatric use. 
New drugs are clearly required. One group of potential therapeutic agents for 
asthma are inhibitors of cyclic AM P-speeilic phosphodiesterase (PDE), of which 
theophylline may be con si dered a prototype ; It is how too wn that PDE is a generic 
term which refers to at least 11 distinct enzyme families that hydrolyse cAMP 
and/or eGMP. Over the last decade, inhibitors of PDE4 (a cAMP-specific family 
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that negati vely regulates the fimctiaii of almost all pro -iiljfrarmliatQiy and immune 
Cells, and exerts widespread anti -inflammatory activity in animal models of 
asthma) have been developed with the view to reducing the adverse effects profile 
associated with non-selective inhibitors such as theophylline. Such is the opti- 
mism regarding PDE4 as a viable therapeutic target that more than 100 PDE4 
inhibitor patent applications have been filed since 1996 by 13 major pharmaceu- 
tical companies. This article reviews the progress of PDE4 inhibitors as anti- 
inflammatory agents, and identities problems tiiat have been encountered by the 
pharmaceutical industry in the clinical development of these drugs and what 
strategies are being considered to overcome them. 



Epidemiological studies indicate that the prev- 
alence and severity of allergic asthma is increas- 
ing^ ] together with the numb er of reported cases of 
fatal asthmaJ 2 ^ 1 These statistics are of concern 
giv en the marked increase in the prescribing of var- 
ious anti-asthm a therapies, f 4 ' 5 1 Although glucocor- 
ticosteroids are considered the most effective anti- 
inflammatory drugs currently av ailable for aslhm a, 
they are nonselective and are associated with ad- 
verse effects particularly in children. Thus, new 
drugs with enhanced selectivity and improved ad- 
verse effect profiles clearly are required. One 
group of drugs that, from a theoretical perspective, 
may exhibit power fill anti-inflammatory and im- 
munomodulatory activity are inhibitors of cyclic 
AMP phosphodiesterase (PDE) of which th eophy 1- 
line may be considered a weak and non-selective 
prototype. Currently, 1 1 distinct PDE families have 
been identified unequivocally which display a 
unique tissue and sub-cellular distribution, and dif- 
fer in substrate specificity, inhibitor sensitivity and 
cofactor requirements. [6 ' l5] With respect to asthm a, 
2 cAMP hydrolysing PDEs, denoted PDE3 and 
PDE4, have been considered as potential targets 
am enable to therapeutic intervention with selectiv e 
inhibitors. The m ost important of these enzym es is 
PI ) K4. which is expressed in airways sm ooth mus- 
cle, pulmonary nerves, and almost all pro-inflam- 
matory and immune cells relevant to the pathogen- 
esis of asthma (table I). Indeed, PDE4 inhibitors 
suppress many processes that are believed to con- 
tribute to the inflammation associated with asthma 
by blocking the degradation and, thereby, increas- 
ing the level of cAMP m ass in target cells and tis- 



sues (see section 3). For this reason, selective in- 
hibitors of PDE 4 have be en sy nthesise d in the hope 
that they will display steroid-hke, anti-inflammatory 
activity together with a reduced adverse effect pro- 
file relative to glue ocorti coster oids and nonselec- 
tive PDE inhibitors such as theophylline. [* 6 * 27 J In- 
hibitors of PDE3 also have been evaluated clinically 
(see section 4), but potential life-threatening car- 
diovascular complications preclude further devel- 
opment. [2R " 3,] 

This short article reviews the current status of 
PDE4 inhibitors for the treatment of asthmatic in- 
flam m ation, identifies pr oblem s that hav e been en- 

Table I. Human celts and tissues implicated in the pathogenesis of 
asthma and the distribution of phosphodiesterase (PDE) enzyme 
families 

CeiiAissue PDE families identified 



T lymphocyte 


s, 4, r- 


B lymphocyte 


3, 4, 7 


Eosinophil 


4, 7 a 


Basophil 


3, 4, 5 


Mast cell 


3.4 


Monocyte 


3, 4, 7^ 8 a 


Macrophage 


13, 4, 5 


Neutrophil 


4 


Airways smooth muscle 


1 , 2, 3 ; 4, 5, 7 a , 8 a 


Epithelial cell 


% 2, 3 ; 4, 5, 7 a , 8 a 


Endothelial cell 


3, 4 


Platelet 


1, 2, 3, 5 


Vagus nerve 


1 Ll , 3, 4, 5 



a Identified at the mRNA level by reverse transcr iption-polymer- 

ase chain reaction (RT-PCR). 
b Represents >90% of the total PDE activity in guinea pig 

desheathed vagus nerve, which contains parasympathetic 

and sensory fibres. 
Data compiled from Giembyc2, [16i Torphy [17] and author's unpub- 
lished observations. 
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countered by the pharmaceutical industry in their 
clinical development and discusses strategies that 
are being considered to overcome them. 

1 . What is Phosphodiesterase (PDE) 4? 

PDE4 is a generic term used to describe a large 
family of enzymes that share several common 
acteristics. Without apparent exception, PDE4 iso- 
enzymes are acidic proteins that exclusively hy- 
drolyse cAMP! 32 * 331 and are inhibited by nanom olar 
concentrations o f rolipram an archetyp al inhibitor 
of this enzyme family. Molecular techniques have 
identified and cloned 4 mammalian cDNA horn o- 
logues^ 34 " 37 ^ oixheprosophila mela^ 'dunce * 

eAMP PDEI 38 ! establishing a molecular basis for 
the heterogeneity of PDE4 variants within this PDE 
f am ily . These clones represent transcripts of 4 dif- 
ferent genes and have been classified as E.TSJPDE4A, 
ENPDE4B, I^DE4C and I^DE4D, where RN 
and the last letter refer to the species (in this case 
Raitus Norvegieits) and the gene, respectively . W 
Subsequent studies have provided evidence for at 
least 4 human genes that encode PDE4 isoen- 
zymes.f 33 * 39 - 45 ! Like their rat counterparts, these 
enzymes are classified similarly, i.e. HSPDE4A, 
B ; C arid D, and are encoded by distinct genes that 
have been localised to chromosomes 19, Ip31, 19 
and 5ql 2, respective ly.t 46 > 47 ] 

An astonishing finding that emerged from the 
molecular cloning of PDE4 isoenzymes is the pre- 
sence of m RNA transcripts of di f ferent sizes for each 
of the 4 variants differentially expressed between 
tissues. t 33 * 4 ^ 49 3 An example of this multiplicity is 
exemplified in human T lymphocy tes, where at least 
3 out of a possible 5 m RNA transcripts derived from 
the PDE4D gene have been identified J 50 ' PDE4 het- 
erogeneity can be attributed to alternative m RHA 
splicing and PDE4 genes expressing multiple pro- 
moter regions providing several potential start co- 
dons for translation of protein. t 51 -J Diversity of 
PDE4 isoenzymes presumably allows for the 
highly co-ordinated regulation of cAMP levels in 
discrete sub-cellular locations, thereby permitting 
f ine- tuned control of specific c AMP- dependent re- 
sponses. I 52 J Indeed, the extreme amino terminus of 



these enzymes features unique sequences that are 
believed to target spliced variants to specific intra- 
cellular organelles! 53 " 60 ^ expressing so-called scaf- 
fold or adapter proteins such as myomegalinl 61 ! and 
receptor for activated C-kinase-Lt 60 ! Further dis- 
cussion of the structure, multiplicity and regulation 
of PI )K4 isoenzymes is beyond the scope of this 
review but interested readers should consult arti- 
cles by Torphy,! 17 ! Conti et al. ,E 4 ^ Houslay et ai [49 l 
and Bolger ! 62 1 

2. Why FDE4 Inhibitors? 

The prototype PDE inhibitor that has been used 
in the treatment of asthma for many years is the 
alky lxanthine theophylline, which is widely pre- 
scribed. The main beneficial activity of theophyl- 
line was originally attributed to its weak broncho- 
dilator action. However, evidence accumulated in 
the early 1 990s points to an anti-iriflammatory action 
of this compound at sub-bronehodilator doses, f 63 ~ 65 1 
This has provoked a remarkable resurgence of in- 
terest in theophylline and the so-called "second 
generation' PDE inhibitors not only as smooth 
muscle relaxants but also as potential antialler- 
gic and/or anti-inflam^ 

H owever, despite providing further impetus for the 
development of novel isoenzyme-selective PDE 
inhibitors, it is unclear whether theophylline does, 
in fact, owe its therapeutic activity to PDE inhibi- 
tion, which raises some interesting questions re- 
garding the development of anti-inflammatory drugs 
in the future (see section 6.6). 

Regardless of the mechanism of action of theo- 
phylline, the rationale for developing new PDE in- 
hibitors has stemmed primarily from the realisa- 
tion that these enzymes are highly heterogeneous, 
differentially expressed between different cell types 
and, presumably, regulate specific functional re- 
sponses. Accordingly, it was rapidly appreciated 
that selective inhibition of a particular PDE isoen- 
zyme may result in a discrete functional alteration 
of cells expressing that PDE variant and, theoreti- 
cally, specific functional responses within the same 
cell . In this respect, aim ost every cell type that has 
been implicated in the pathogenesis of asthm a ex- 
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presses representatives of the PDE4 isoenzyme 
family (table I).[^-ios] Conceptually, PDE 4 inhibi- 
tors should show a pleiotropic profile of activity on 
many cells types involved in the inflammation of 
asthma, and so differ from classical mediator an- 
tagonists whose importance in disease progression 
might vary between asthma patients and so have 
limited usefulness. Torphyt 17 ^ recently emphasised 
this point by reference to the eosinophil. Thus, in- 
hibition of PDE4 can attenuate the elaboration of 
eosinophil chemotaxins from several cell types, the 
adherence of eosinophils to the post capillary micro- 
vascular endothelium, and the secretion of survival- 
enhancing cytokines such as interleukin (lL)-5 and 
granulocyte/macrophage colony-stimulating fac- 
tor (GM-CSF). In addition, PDE4 inhibitors exert 
direct effects on the eosinophil and can suppress 
degranulation, activation of the nicotinam ide aden- 
ine dinuele otide phosphate (NADPH) oxidase, and 
the generation of lipid mediators. A further predic- 
tion is that inhibiting PDE4 should potentiate the 
effects of endogenous anti- inflammatory agents 
that stimulate adenylyl cyclase through Gs- cou- 
pled receptors such as catecholamines, prostaglan- 
din E 2 and prostacyclin. I 17 ' 109 ^ Taken together, the 
pre- clinical pharmacology of these compounds 
provides an exciting rational basis for the develop- 
ment of novel anti-inflammatory pharmaceuticals 
for asthma. 

3. What Has Been Established? 

The results from extensive in vitro experiments 
and in vivo studies in laboratory animals have pro- 
vided much optimism for the development of ' sec- 
ond generation' PDE inhibitors. Almost without 
exception, and consistent with the prediction out- 
lined in section 2, drugs that inhibit th e activity of 
PDE4 suppress a diverse range of functional re- 
sponses across many cell types (including all of 
those indicated in table I) implicated in the patho- 
genesis of asthma, t 66 ' 108 ! Significantly, these agents 
negatively regulate the secretion not only of acute 
inflammatory mediators, such as histamine and 
cysteinyl leukotrienes, but also of other factors be- 
lieved to be pivotal to disease progression and 



chronieity. The more important of these are the 
cytokines and chempkines, including GM-CSF, IL-4, 
1L-5 and eotaxin. Additionally, PDE4 inhibitors 
block the adhesion of a variety of leucocytes to 
vascular endothelial cells, chemotaxis, and the gen- 
eration of oxygen-derived free radicals: From these 
data, it is clear that PDE4 inhibitors act at multiple 
sites and thus would be expected to have a general 
suppressive action on many indices of the inflam- 
matory response. For a detailed description of the 
in vitro pharmacology of PDE4 inliibitors inter- 
ested readers should consult rev iews by Giembyc z 
etal.l 16 ] and Torphy.f 17 ! 

Generally, the in vitro data obtained from cell 
based assay s are predictiv e of the behaviour of PDE 4 
inhibitors in vivo in a number of species including 
the mouse, rat, guinea-pig, dog and monkey. Given 
that asthmatic inflammation is believed to be eo- 
sinophil-driven, it is noteworthy that PDE4 inhib- 
itors suppress IL-5-, platelet activating factor (PAF)-, 
leukotriene D 4 (LTDO- and, above all, antigen-induced 
eosinophil ia in sensitised animals together with 
hyper-reactivity of the airways, the late phase re- 
sponse, microvascular leakage, and cytokine gen- 
eration. 132 J Of particular significance are ttie re- 
sults obtained with rolipram t 1 15 1 and the PDE 4 
inhibitor atizoram (CP-80633)i 116 iin cynomolgous 
monkeys sensitised to Ascans siium. Whenadmin- 
istered subcutaneously, rolipram significantly sup- 
pressed antigen-induced pulmonary neutrophil and 
eosinophil accumulation, and the associated in- 
crease in IL -8 and tumour necrosis factor (TNF) -<X 
in the bronchoalveolar lavage (B AL) fluid at a dose 
(10 mg/kg) that increased the cAMP content of 
BAL fluid leucocytes. Rolipram also reduced the 
pulm onary eosinophilia and airways hyper-respon- 
siveness to methacholine chloride which occurred 
over a 7-day period in response to multiple antigen 
challenges^ 115 VPDE4 inhibitors are also effective 
after antigen challenge i 1 ^^ 

ilisation of mast cells cannot a ccount totally for these 
activities. Indeed, the finding that PDE4 inhibitors 
suppress pulm onary eosinophil recruitm ent by agents 
that are selective eosinophil chemotaxins, including 
IL-5, |J261 suggests multiple sites of action including 
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a general suppressive effect of those mechanisms 
that govern the emigration of eosinophils from the 
circulation to the airways.! 17 ! For a detailed de- 
scription of the if? vivo pharmacology of PDE4 in- 
hibitors interested readers should consult reviews 
by Giembycz et all 161 and Torphy. 117 ' 

4. Clinical Experience 

Despite extensive in vitro and in vivo data in 
laboratory animals, clinical trials with eAMP BDE 
inhibitors are relatively limited. However, a num- 
ber of studies have been published with equivocal 
results. Oral administration of the selective PDE3 
inhibitor cilostazol produced a bronchodilator and 
anti spasmolytic effect in normal human volun- 
teers^ 30 ! all d another PDE3 inhibitor enoximone, 
given by the intravenous route, has been shown to 
improve lung function in patients with chronic ob- 
structive pulm onary disease (COPD)! 29 ! More re- 
cently, the effect of the PDE3 inhibitor SDZ-MKS- 
492 at a dose of 40mg orally was examined in 18 
atopic patients with asthma. In these patients, it 
ab olished allergen- induced bronchoconstricti on 
[as assessed by the measurement of forced expir- 
atory volume in 1 second (FE¥i)] and significantly 
attenuated the late phase response. I 31 1 However, it 
is likely that the diminution of the late phase re- 
sponse in SDZ-MKS 492-treated patients was due 
to functional antagonism since PDE3 inhibitors are 
effective airways smooth muscle relaxants^ 133 ! but 
have limited anti- inflammatory activity J 26 ' 27 ! Un- 
fortunately, the desirable actions of these com- 
pounds are accompanied by adverse effects which 
result from the inhibition of PDE3 in the cardio- 
vascular system J 28 ! Tachycardia, hypotension, of- 
ten with coincident headache, and arrhythmias, 
which reflected ventricular extrasystole in 1 pa- 
tient, are the most serious deleterious effects. I 29-31 ! 
However, in 1999, My ou and colleagues^ 134 ! re- 
ported that administration of the PDE3 inhibitor, 
ofprinone (E-2010) 2mg by inhalation to 9 patients 
with mild asthm a promoted rapid (within 15 min- 
utes) bronchodilatation (20.5% mean increase in 
FEVi) that lasted for the duration (60 minutes) of 
the experiment, The significance of this observa- 



tion was that, in contrast to other studies, the air- 
ways effect of olprinone was ev oked in the absence 
of tachycardia or a fall in systolic or diastolic blood 
pressure indicating that inhalation of this drug can 
reduce cardiovascular exposure. Nevertheless, the 
long term consequences of PDE3 inhibitors admin- 
istered by this route are unexplored and ways to 
minimise potential adverse cardiovascular compli- 
cations have been sought. One strategy has been 
the synthes is of compounds that inhibit bo th PDE3 
and PDE4 in the hope that low er doses will be clin- 
ically more effective than a PDE3 inhibitor alone 
(see section 6.3). However, thus far, trials of this 
approach have yielded inconclusive results. Foster 
and colleagues^ 135 1 reported that, when adminis- 
tered by inhalation, the PBE3/PDE4 inhibitor 
benafentrine produced bronchodilatation in nor- 
mal volunteers but when it was administered by the 
oral or intravenous routes it was inactive. Zardav- 
erine. another structurally dissimilar PDE3/PDE4 
inhibitor, dem onstrated modest bronchodilator ac- 
tivity in patients with asthma when given by inha- 
lation^ 136 ! but was inactive in a group of patients with 
COPDl 137 ! Another mixed inhibitor, tolafentrine 
similarly was inactive in a group of patients with 
mild asthm a.l 1 3 8 1 Inhalation of tolafentrine 500 jxg 
did not significantly affect airway responsiveness 
to histamine or AMP, which is thought to release 
histamine from m ast cells and so promote broncho- 
constriction indirectly. The level of exhaled nitric 
oxide, a surrogate marker of airways inflammation, 
was also unchanged by tolafentrine. S 13 *! 

The appreciation that m any adverse effects of 
PDE inhibitors reflect an extension of their phar- 
m aeblogy has persuaded the pharm aeeutical indus- 
try to concentrate on selective inhibitors of PDE4 
despite their limited direct effect on airways smooth 
muscle tone. Perhaps the earliest clinical study of 
the effect of a PDK4 inhibitor in asthma was re- 
ported by Israel and co-workers with tibenelast.l 139 1 
Although this compound increased FEVi in a 
group of patients with asthma, the effect did not 
reach statistical significance. [139 1 The second gen- 
eration PDE4 inhibitor piclamilast (RP-73401) is 
also without effect in individuals with moderate 
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asthma. t 1 " 40 ) Indeed, inhalation of pielam ilast 1 ,2mg 
for 15 m inutes failed to attenuate allergen- induced 
bronchoconstriction in 11 patients 1140 ) despite the 
nanomolar potency of this compound as an inhibi- 
tor of PDE4J 741 However, given that mast cell- 
derived mediators are primarily responsible for al- 
lergen-induced early phase responses, these data 
are notnecessarily surprising because selective PDE4 
inhibitors do not stabilise mast eelis. 1681 More dis- 
appointing is the finding that pie lam ilast 50 and 
lOOug inhaled twice daily for 6 weeks did not im- 
prove FEV lr airway responsiveness to methachol- 
ine or the level of exhaled nitric oxide. [140?1 4 x] 

Nevertheless, some encouragement can be de- 
rived from the results obtained with GDP- 8 40, a 
potent and selective PDE4 inhibitor. [142] A double- 
blind, plaeebo-controned study in 54 patients with 
asthm a indicated that 9 . 5 days treatment with CDP 
S40 30 mg/day had no effect on the early response 
elicited by allergen but attenuated the late phase 
response by approximately 30%, implying that the 
inflammatory response, per se. was being modi- 
fied. t 1 " 13 ! Indeed, that conclusion is concordant with 
the Inability of single doses of GDP- 840 (15 and 
30mg) to promote broncho dilatation in patients 
with asthma.R 43 ) Unexpectedly, GDP- 840 had no 
effect on airways responsiveness to histamine, al- 
though the authors argue that the treatment period 
may have been too short citing that at least 2 weeks 
are required before changes in reactivity are seen 
in response to steroids, fr 43 l 

Further positiv e clinical data have been publish- 
ed for another PDE4 inhibitor SB -207499 (Ari- 
flo™) . [92 l At a press conference in London in 1 998 
it was reported that SB-2Q7499 produced a greater 
effect on FEVi than salmeterol and that it sup- 
pre ssed the e ariy and late phase responses to aller- 
gen m asthmatic subjects (see Noma ant 144 !). Kieman 
and colleagues! 145 ] also found that, in 27 patients 
with exercise -induced asthma, SB -207499 lOmg 
twice daily produced significant improvements in 
lung function after 7 days. More recently, the re- 
sults of a multicentre, placebo-controlled, double- 
blind, randomised, parallel group study with SB - 
207499 (5, 10 and 15mg twice daily for 6 weeks) 



involving 303 patients taking inhaled corticoste- 
roids concurrently have been reported. I 146 f All pa- 
tients had an FE¥i of approxim ately 66% of pre- 
dicted, expressed a 12% or greater responsiveness 
to salbutamol, and had asthma that was inade- 
quately controlled with inhaled corticosteroids. 11461 
At the highest tolerated dose of 15m g twice daily, 
SB-207499 (n = 79) increased EEVi from week 1 
and to a greater extent than placebo (n = 721 How- 
ever, the improvement in lung function relative to 
placebo failed to reach statistical significance at 
any time except at week 2l ,46 l SB-207499 ap- 
peared to be well tolerated with headache and nau- 
sea accounting for the major adverse effects but 
affecting only 13.9 and 8.9% of patients, respec- 
tiv ely , at the highe st dose \ 145 J 

5. Why Have PD E4 Inhibitors Not 
Demonstrated Clinical Efficacy? 

Despite the animal and clinical results described 
in sections 3 and 4, experience with several struc- 
turally dissim ilar 'second generation" PDE4 inhib- 
itors in the clinic has, thus far, been disappointing. 
While beneficial effects on airways smooth muscle 
tone have been documented, little evidence is 
available to support an anti-inflammatory action of 
these compounds. A number of factors could account 
For the lack of efficacy reported by many investi- 
gators which are not mutually exclusive. Some of 
these are described in this section. 

5. 1 Poor Bi oavail afoi! ity and Short Half -Life 

A major difficulty in selecting PDE4 inhibitors 
for asthma has been extrapolating drug metabolism 
and pharm ac okinetic properties of promi sing com - 
pounds across species. This is clearly illustrated 
with reference to rolipram where oral adm inistra- 
tiori of 50 mg/kg to the rhesus and cynomolgous 
monkeys, the rat, rabbit and humans results incom- 
plete absorption and an approximately equivalent 
half-life (1 to 3 hours) but with bioavailabilities of 
0.1, 037, ■% 6, 3.7 and 75%, respectively. t 1 47 1 Rea- 
sons for the poor efficacy of GDP- 840 in clinical 
trials, despite its potency as an inhibitor of PDE4, 
is. provided in patent applications from Cell tech 
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which cite low bioavailability and short half-life 
probably due to extensive first pass metabo- 
lism. 114 ^ 14 ^ An assessment of biological activity 
in w r hole blood can prov ide invaluable inform ation 
on the behaviour of PDE4 inhibitors in vivo. For 
example, CP-293 1 21 has reduced emetic potential 
but is extensively protein bound and, therefore, is 
not bioavailable . ^ 144 •» 150 1 Howe ye r, poor bioav aila- 
bility is not an insurmountable problem . Using pic- 
lam ilast as an example, which is only 1% bioavail- 
able in humans as it was designed for the inhaled 
route, several changes to the central benzimide 
moiety has profound effects. Thus, replacement of 
the cyclopentyl and phenyl rings with tetrahydro- 
furan and pyridine N-oxide, respectively, and oxi- 
dation of the pyridine ring to pyridine N-oxide, 
produces a compound (R PR- 1 1 4597) that is 77% 
bioavailable in humans. $ 5 *■) 



5.2 Species VariabiliiY in Measures of 
Ef f ic acy and Toxicity 

Perhaps the single m ost confounding approach 
in the selection of PI )E4 inhibitors for clinical de- 
velopment has been the evaluation of efficacy and 
toxicity in different species. The emetic potential 
of drugs is invariably examined in dogs or ferrets 
whereas measures of biological activity almost al- 
ways involve in vivo studies in rats, guinea-pigs 
and monkeys, and in vitro experiments in human 
blood leucocytes. From these very different test 
systems the efficacious and toxic effects can be 
separated through the calculation of therapeutic 
concentration/dose ratios. A tempting, although 
generally incorrect assumption is that these ratios 
always hold in humans regardless of the test sys- 
tems employed for the analyses. Thus, it is vital to 
select the correct models of efficacy and toxicity 
for the ev aluation of PDK4 inhibitors. t 152 J Clearly, 
a model where indices of clinical efficacy and tox- 
icity are measured in same species is an ideal solu- 
tion to some of these lim itations, although this can 
be technically challenging. 



5.3 Adverse Effects are Dose-Limiting 

Another explanation for the lack of efficacy of 
PDE4 inhibitors in asthma is that the level of drug 
ingested is too low to inhibit PDE4 in target cells 
and tissues. Inv ariably this occurs because of dose- 
limiting adverse effects, nausea and vomiting, 
which are believed to represent an extension of the 
pharmacology of these com pounds. f^ ? l It would 
seem to be important in clinical evaluations of 
PDE4 inhibitors to establish that the amount of 
drug given inhibits PDE4 z>2 vivo , While this is dif- 
ficult to accomplish directly, several surrogate mark- 
ers of PDE activity can be used such as the ex vivo 
measurement of cAMP in bronchoalveolar lavage 
leucocytes, akin to the experiments performed in 
nonhuman prim ates,! 1 l5 i or m ore indirect m easure- 
ments such as ex vivo cytokine production from 
peripheral blood leucocytes.! 1541 

6. How Can Adverse Effects 
be Minimised? 

If it is accepted that dose -limiting adverse ef- 
fects account, in part, for the poor clinical activity 
of PDE4 inhibitors in human asthma, then what strat- 
egies could be adopted to increase the therapeutic 
ratio? Several possibilities have been considered. 

6.1 Exploitation of the PDE4 Isogene Famify 

Molecular genetics has established that PDE4 is 
a universal term that refers to a family of closely 
related proteins (see section 1). Thus, one potential 
approach to m inim ise adverse effects while retain- 
ing beneficial activity might be the development of 
' third generation* inhibitors selective for a partic- 
ular PDE4 gene product [155 > 15e l Currently, there is 
little information in the literature addressing this 
issue, and the functional significance of a particu- 
lar PDE4 gene product in pro-inflammatory and 
immune cells is unknown. However, evidence is 
available tliat subtype-selective compounds can be 
synthesised. Indeed, SB-22261S, 3B-254375 and 
SB-254376 are up to 17- fold selective for human 
recombinant PDE4A/B over PDE4D. Conversely, 
SB.207039 and SB-250583 are PDE4D- selective 
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compounds with respect to PDE4A/B. Moreover, 
using a range of compounds with varying degrees 
of subtype selectivity, Manning and colleagues^ 5 7 J 
have reported that inhibition of lipopoly saccha- 
ride -induced TNF a production from hurn an mono- 
cytes and antigen- stimulate d T lymphocyte prolif- 
eration correlates m ore closely with suppression of 
PDE4A/B than of PDE4D. These data, thus, repre- 
sent the first evidence for distinct functional roles 
of PDE4 isoenzymes in human ceils. With regard 
to PDE4 inliibitors in clinical development it is of 
interest that SB 

tively, 1 0- and 30-fold more selective for PDE4D 
than for other enzyme families. [151>15a] In this re- 
spect it is intriguing that V-11294A is nonemetie 
in ferrets at 30 mg/kg despite being >70% bipav ail- 
able and achieving a plasma concentration (> 1 
l^mol/L) that is sufficient to significantly inhibit 
PDE4 in vitrol 151 *****^ The lack of emesis has 
also been observed in human male volunteers in 
Phase I clinical trials at oral doses of up to 300mg r 
These findings are significant, as V- 1 1294 A is sim- 
ilarly bio available (approximately 50%) with a 
half-life of approximately 7 hoursj m ' ,50 > 1601 and 
achieves a plasma concentration that suppresses 
the activation of inflammatory cells [e.g. lipopoly - 
saccharide (LPS)-induced TNFa generation from 
monocytes, phytohaem agglutinin (PHA)-induced 
T cell proliferation] exvivoS 154 ^ 

However, a note of caution is merited here. 
While, conceptually, this approach seems logical, 
it pre-supposes that all dose-limiting adverse ef- 



fects are;, indeed, attributable to PDE4 inhibition 
(see Robichaud et aU 161 l). Moreover, the deliberate 
targeting of a PDE4 subtype also assum es that dele- 
terious actions of PDE4 inhibi tors are associated with 
a specific gene product(s) thatis distinct from those 
which regulate c AMP levels in pro-inflammatory 
and immune cells. This latter assumption seems 
unlikely , Even if supporting ev idence is ultimately 
provided, it is difficult to envisage how this strat- 
egy could be exploited given that alm ost all periph- 
eral cells and tissues contain representatives of the 
HSPDE4A, B and D gene families (table II). In- 
deed, human T lymphocytes express at least .5. pro- 
teins that are derived from these 3 genes. l 50] The same 
is true for other cells including human eosinophils, 
neutrophils, monocytes and macrophagesJ 160?16 - ?165 J 
It is also possible that there is significant PDE4 
redundancy such that inhibition of a specific sub- 
type will have little long-lasting impact because of 
the induction of an alternative isoenzyme. How- 
ever, this proposal may not be correct. In mice, in 
which the PDE4D gene has been disrupted, a 
marked decrease in rolipram -sensitive PDE activity 
was reported in the pituitary gland, cerebellum and 
ovary when compared with wild type animals S 1 68] 
Thus, it would appear that other PDE4 isoenzymes 
cannot compensate for the loss of PDE4D variants 
in these murine tissues. The results suggest that the 
functional roles of PDE4D are not completely shared 
by other PDE4 isoenzymes, [168] raising the real 
possibility that the targeting of a specific PDE4 
gene family is a viable concept for drug development 



Table II. Phosphodiesterase (PDE)4 subtypes identified in human airways smooth muscle and pro- inflammatory cells by reverse transcrip- 
tion-polymerase chain reaction (RT-PCR) [Data compiled from Engels et al.J 162 ^ Gantner et al.^ 163 164 ' Verghese et al , t ,65 l Seybold et a.\.pQ} 
Qiemby.cz. et alj 56 ' Fuhrmann et alj 16s l and Wright et al J 167 '] 
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Intriguingly, the magnitude of allergen-induced 
pulmonary leukocyte infiltration and cell compo- 
sition is identical in sensitised PDE4D and wild 
type m ice I 1691 questioning the role PDE4D in this 
response. However, the ability of muscarinic ago- 
nists to promote bronchoconsti iction in knockout 
animals in Vivo arid to inhibit adenylyl cyclase ac- 
tivity in lung is abolished. This effect is not due to 
down-regulation of receptor number imply ing that 
PDE4D controls muscarinic M 2 and M3 receptor 
signalling in the lung. With respect to emesis, per- 
haps the best PDE4 gene family to avoid is 
PPE4GJ 43 3 Representatives of this isoenzyme 
family generally are not present in pro-inflamma- 
tory cells (table II), but are ahundan% expressed 
in the CNSI 17 °1 where FDE4 inhibitors are believed 
to promote many of their adverse effects. How- 
ever, whether this is through Inhibition of PDE4G 
is unknown J 161 1 

6 . 2 Expl oitation of Conform ational 
States of PDE4 

An alternative approach (patented by SmithKl- 
ine-Beeeham) is based on the ability of certain 
PDE4 isoforms to adopt at least 2 non-intercon- 
vertible or slowly interconvertible conformations, 
PDE4 H and PDE4 L? for which rolipram has high 
and low affinity, respectively. I 171 " 173 ! Signifi- 
cantly, the rank order of potency of a variety of 
compounds to inhibit PDE4h and PDE4 L is dis- 
tinct, thus enabling a specific conform atibnal state 
of PDE4 to be selectively targeted. The additional 
finding that the relative am ounts of each conform er 
vary considerably between cells and tissues, and 
that inhibition of PDE4 L and PDE4 H are associated 
with : a number of anti-inflammatory and adverse 
responses, respectively, has provided a rational ba- 
sis for designing new compounds with a high 
PDE4 h /H)E4l ratio.! 1 71 ~ i73 I Jn vitro and in vivo 
studies have established that inhibition of PDE4 L 
is linked to the suppression of the NADPII oxidase 
in eosinophils^ 174 lJL -2 release from splenocytes, ! 175 1 
and THF-DC generation from monocytes. t 91 ' 176 ) Con- 
versely, emesis (perhaps the major dose- limiting 
adverse effect of these drugs)f 153] and gastric acid 



secretion! 177 lare believed to result exclusively from 
inhibition of PDE4 H . It is worth noting that certain 
functional responses, which might be considered 
desirable are evoked following inhibition of PDE4h 
such as bronchodilatatipnt 178 ! and degranulation of 
human neutrophils. [91] In addition, other effects 
that are not apparently related to inhibition of ei- 
ther PDE4h and PDE4l have been described sug- 
gesting that additional conformations of PDE4 
might exist. 

These findings notwithstanding, compounds 
have been synthesised that have a considerably in- 
creased PDE4 h /PDE4l ratio compared with roli- 
pram (Tf/L =0.01 to 0.001) such as €DP-S40 (R/L 
= 0.27),l ,73 l piclamilast (II/L = 3)E 74 > 171 ] and SB- 
2Q7499;P^ 

anti-inflamm at ory activity while reducing adverse 
effects. Indeed, SB-207499 was selected for clini- 
cal development based on a markedly improved 
PDE4 H /PDE4 L ratio and its negative charge at 
phy siological pIT, which should reduce penetration 
across the blood-brain barrier and, thus lower the 
potential for adverse effects. However, Phase lib 
clinical trials have established that, although ap- 
parently free of cardiovascular effects, SB-2Q7499 
(1 5m g orally) is emetic. Interestingly, this adverse 
reaction was produced with only the first and sec- 
ond doses suggesting that the mechanisms govern- 
ing emesis desensitise rapidly. [1 80 1 Based upon these 
clinical data it would appear that PDE4 H /PDE4 L 
ratios considerably greater than 1 may be necessary 
to provide an acceptable therapeutic index. Ironi- 
cally, it has seemingly been difficult to synthesise 
compounds with this properr\ r , although Pfizer^ 1 81 > 182 ] 
and the then Rhone^Poulenc Rorer^ 1 831 have repor- 
ted some success with novel series of oxindoles, 
catechol benzimidazoles and quaternary substituted 
y-lactaras. For example, CP-^ 1465 23 inhibits PDE4 
with an IG 50 of approximately 400 nmol/L but is 
relatively weak at displacing [ 3 H]rolipram from rat 
brain cortex, a tissue rich in PDE4 H . Similarly, CP- 
293121 has reduced emetic potential due to its high 
PDE4 h /PDE4l ratio,! 1 44 > 15 1 J 
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6 . 3 Phgrmqco kinetic Strategi es and 
Alternative Routes of Adm i n i st ratio n 

A primary objective of the pharmaceutical in- 
dustry is to synthesise orally active PDE4 inhibi- 
tors that display in viva efficacy in hum ans with an 
acceptable therapeutic ratio. (Current experience with 
PDE4 inhibitors suggests that this goal can prove 
difficult to achieve when adverse effects are simply 
an extension of the pharmacology of these com- 
pounds. However, adverse effects may be limited 
by identifying methods of delivery that improve 
the pharmacokinetic behaviour of existing PDE 4 
inhibitors . One pos sibility is to adm mister the drug 
of choice as a slow -release formulation such that 
the peak concentration achieved in the plasma is 
lowered relative to overall systemic exposure. I 1 84 J 
This approach has been successfully adopted for 
pentoxifylline, a non-selective PDE inhibitor, which 
allows for the administration of higher doses be- 
fore adverse effects become manifest.! 1 85 1 Alterna- 
tively, direct application of PDE4 inhibitors to the 
airways as an inhaled formulation m ight be the pre- 
ferred route of administration. Indeed, preliminary 
data suggests that this approach should retain the 
desired therapeutic activity while minimising ad- 
verse effects- U*tf-i'8B] 

6.4 Development of Hybrid Inhibitors 

In many immune and pro-inflammatory cells 
such as T lymphocytes and macrophages, which 
are believed to drive eosinophilic inflammation, 
PDE3 is widely expressed (table I). However, in- 
hibitors of this isoenzyme family generally are in- 
active or poorly active in vitro and in in vivo mod- 
els of allergic inflammation, but reproducibly 
potentiate the effect of inhibitors of PDE4J 1 ^ 17 1 
This has been demonstrated in several cells types 
including human T lymphocytes, basophils and 
lung m icrov ascular endothelial cells.! 95 ^ 09 > 1 89 1 

Based on these findings it has been proposed 
that compounds that inhibit both PDE3 and PDE4 
should be less likely to produce adverse effects 
than selective PDE4 inhibitors since activity would 
be expected at lower doses. [190 i While this approach 



certainly appears attractive from a superficial per- 
spective, it is not without potential problem s when 
the clinical pharmacology of PDE3 inhibitors is 
considered. Indeed, these drugs originally were de- 
veloped for the therapy of congestive heart failure 
and, therefore, certain predications can be made re- 
garding their adverse effect profile. Gf particular 
concern is their potential arrhy thm ogenic and vaso- 
dilator activities together with their ability to pro- 
duce positive inotropisrn and chronotropism in the 
heart (see section 4).t 191 > 192 J Although this ap- 
proach has not been rigorously teste d in hum an vol- 
unteers, many researchers are of the opinion that 
the cardiovascular complications of PDE3 inhibi- 
tors preclude the development of hybrid inhibitors 
for asthma. Furtherm ore, logic dictates that if in- 
hibitors of PDE3 and PDE4 act synergistic ally in 
the resolution of inflammation, they could also 
synergise in the production of adverse effects. Nev- 
ertheless, the knowledge that the PDE3 in cardiac 
muscle (PDE3A) is different from the isoform 
(PDE3B) expressed by pro-inflammatory cells such 
as T lymphocytes, f 50 3 provides an opportunity to 
engineer molecules with reduced activity against 
PDE3A. Although PDE SB-selective compounds 
have not yet been described, the PDE3 inhibitor 
vesnarinone is 10-fold more potent against PDE 3 A 
than PDE3B,t 193 J indicating that PDE3 isogene in- 
hibitors theoretically can be synthesised. 

6,5 Development of inhibitors of Other 
Isoenzyme Families 

An additional concern about the developm ent of 
selective PDE4 inhibitors is the report that rats 
given rolipram repeatedly for 2 w r eeks displayed a 
profile of adverse effects similar to the toxicology 
of PDE3 inhibitors. I 1 94 1 In particular, rolipram pro- 
duced cardiac fibrosis, degeneration and epicarcl- 
itis a similar histopathology seen with milrinone 
and IGI-lSSllOl 1 ^^! Another effect produced 
by rolipram normally associated with the adminis- 
tration of PDE3 inhibitors was arteritis of the ab- 
dominal vasculature. I 1 ? 4 ! Although these lesions 
are believed to occur only in rodents, the recent 
discovery of new PDE families that are expressed 
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in cells and tissues relevant to the pathogenesis of 
asthm a provide alternative targets for increasing 
c AMP with potential therapeutic opportunity. In 
addition to PDE3 and PDE4, 3 other isoenzyme 
families have been discovered that regulate the 
cAMP content. In 1993, a gene isolated from a hu- 
man glioblastoma cDNA library was expressed in 
a cAMP PDE-defieient strain of the yeast, Saccha^ 
romyces • eerevistae \.P'\ This gene, originally named 
HCP-1 (High affinity. Cyclic AMP-specific Phos- 
phodi esterase 1) encodes a e AMP- specific PDE 
which is insensitive to eGMP and inhibitors of the 
PDE3 and PDE 4 isoenzyme families, and does not 
hydrolyse cG-MP Furthermore;, H CP-1 doe s not 
share extensive hom ology to the Drosophila dunce 
cAMP PDE (i.e. PDE4) and, therefore, represents 
a member of a novel PDE family that has been 
designated PDE 7 [7 1 Hum an PDE 7 is currently be- 
lieved to be encoded by a single gene that is 
localised to the ql 3 region of chrorn osom e 8, 1 46 ' 197 ! 
from which at least 2 splice variants (PDE7A1, 
PDE7A2) can be derived.! 8 ' 9 ! 

Northern blot analyses have identified an abun- 
dance of PDE7 mRNA in human skeletal muscle. 
In addition, transcripts of identical size are present 
in hum air heart and kidney. t ?l In the context of al- 
lergic diseases, Bloom and Beavof 198 ! identified 
high levels of PDE7 mRNA in the human T lym- 
phocyte line, HUT 78 and, more recently, evidence 
has emerged that PDE7 mRNA and protein are 
ubiquitously expressed throughout mammalian 
tissues including human peripheral blood CD4 f 
and CD8 + T lymphocytes,^^ 

hum an m onocy tes, neutropMls, eosinophils, and air- 
ways smooth muscle (unpublished observations). 
Selective inhibitors of PDE7 have not yet been de- 
scribed and so die functional role of these enzymes 
is undefined. However, recent anti sense studies in- 
dicate that PDE7 is involved in the regulation of T 
lymphocyte proliferation in response to ligation of 
CD3/CD28.I 1 "! Inevitably, the discovery of com- 
pounds that selectively inhibit PDE7 will provoke 
a considerable research effort to determine whether 
PDE 7 represents a viable therapeutic target. 



Another cAMP PDE family was discovered in 
1 998 by expressed sequence tag data base search- 
ing and was denoted PDE 8 to distinguish it from 
PDE3, 4 and 7,I il ? 3L3 l Two genes have so far been 
identified^ 11 * 13 ' 200 ] PDE8 A and PDE SB , that have 
a discrete tissue distribution. At the mRNA level, 
PDE 8 A is abundantly expressed in the hum an tes- 
tis, ileum, colon and ovary with lower levels in the 
heart, brain, kidney and pancreas.! 1 3] j n contrast 
PDE8B mRNA is expressed in the thyroid gland. l 200 1 
Although pro- in fiamm atory and imm tine cells have 
not been systematically screened, PDE8 mRNA is 
present in human monocytes, the epithelial cell 
line A549, and airways smooth muscle (unpub- 
lished observ ations) . Understanding the functions 
that these novel PDE isoenzymes subserve has to 
await the discovery of selective inhibitors, but the 
possibility that these proteins could be exploited 
therapeutically is one that, almost certainly, will be 
examined. 

The latest additions to the PDE supergene family, 
for which information is available, are PDE9A1 10 l4 l 
and PDETQA,! 12 ' 15 ! which were also discovered by 
database searching for expressed sequence tags. 
The former family exclusively hydrolyse cGMPt i0 > 14 l 
and is not discussed here. In contrast, PDE 1 OA is 
a dual specificity enzyme that degrades cAMP and 
c&MP.f 12 ' 1 ^ Northern and dot blot analyses have 
established that human PDE10 A mRNA transcripts 
are abundantly expressed in the brain, in particular 
the putamen and caudate nucleus, but are absent in 
the lung, trachea and peripheral blood leuco- 
cytes,^ 15 ! suggesting that the enzyme represents an 
unlikely target for novel anti-inflammatory phar- 
maceuticals. The human PDE 1 OA gene, HSPDE1 OA 1 , 
has been mapped to chromosome 6q26j 15 l which 
features a locus for juvenile Parkinson's diseases 
in 6q25.2-q27. Given that PDE 1 OA is enriched in 
the putamen and caudate nucleus, w r here dopamine 
receptors are expressed, a possible genetic linkage 
between PDE 1 OA and juvenile Parkinson's dis- 
eases has been suggested. [15] 
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6.6 Theophylline RevisiMd 

Until relatively recently, the therapeutic efficacy 
of theophylline in asthma was attributed to its weak 
broncho dilator activity resulting from the inhibi- 
tion of cyclic nucleotide PDEs in airways smooth 
muscle cells. However, there is now increasing ev- 
idence that theophylline exerts an immunom odula- 
tory action at plasma concentrations that do not 
effect airways sm ooth muscle tone .! 201 ' 202] Several 
lines of investigation have lead to this conclusion. 
In essentially all studies that have been conducted, 
theophylline protects against the late asthmatic re- 
sponse following allergen provocation implying 
that the emigration of pro- inflammatory and im- 
munocompetent cells from the circulation into the 
lung and/or their subsequent activation is sup- 
pressed. In a study by Ward et al, I 63 1 theophylline 
at a mean plasma concentration of 7. 8 mg/L, inhib- 
ited the late phase reaction in patients with asthma 
in response to allergen and the typical increase in 
CD4+ and CD 8+ T lymphocytes. Similarly, it has 
been reported that the number of GD 8+ T lympho- 
cytes in the peripheral blood of children with 
asthm a is suppre sse d c om pared with norm al indi- 
viduals and that the degree to which this occurs 
correlates with the severity of the disease. [203,204] 
Significantly , treatment of those children for 1 month 
with theophy lline restored the T lymphocyte count 
to the level found in the control group. Further sup- 
port for an im munom odulatory effect of theophyl- 
line has been deriv ed from studies exam ining the 
clinical effects of controlled withdrawal in patients 
on high dose inhaled steroids J 205>206 1 Such inter- 
vention is associated with a deterioration in symp- 
toms and lung function, a reduction in activated 
CD4+ and CD 8+ T lymphocytes in the peripheral 
blood and a commensurate increase in the number 
of these cells in the lung. l 2 - 05 ^ 6 1 Recently, it was 
reported that in patients with moderate asthma and 
persistent symptom s, theophylline, at a dose below 
the recommended therapeutic range, in combination 
with low -dose hude sonic! e, produced clinical ben- 
efits equivalent to high-dose budesonide given as 
a monotherapy f 207 ^ Thus, in addition to the eco- 
nomic implications of reducing steroid usage, these 



data would suggest that theophylline is steroid 
sparing, t 201 1 

In addition to T lymphocytes, theophylline also 
modulates other pro-inflammatory and immune cells. 
In children with asthma treated with theophylline 
for 10 days, both neutrophil and macrophage activ- 
ity (chemotaxis, superoxide anion generation, bac- 
terial killing) assessed ex vivo is suppressed, and 
the degre e of thi s suppr ession correlates positively 
with the concentration of theophylline m easured in 
the BAL fluid.' 208 ' 20 ^ 1 Similar experiments have 
dem onstrated that the number of EG 2 : (activated) 
eosinophils and CD4 T lymphocytes are reduced 
in allergic subjects given low dose theophylline 
(mean plasma concentration 6.6 mg/L) for 6 
weeks, 164 ' 210 1 and that this m ight relate to the ability 
of theophylline to prom ote eosinophil apoptosis. I 21 1 1 
At the mediator level, oral administration of theo- 
phylline (mean level 10.9 mg/L) to atopic patients 
with moderately severe asthma has been shown to 
reduce the number of cells (mostly mast cells) 
staining for IL-4 and IL-5, thereby implying that 
theophylline may repress transcription of the IL-4 
and IL-5 genes. I 63 ' 212 ! Moreover, Mascali and col- 
leagues! 213 J reported an increase in the elaboration 
of the anti-inflammatory cytokine IL- 10 from pe- 
ripheral blood mononuclear cells harvested from 
24 patients with asthma. 

The molecular mechanism (s) underlying the 
immunomodulatory actions of theophylline is far 
from clear, but several activities have been consid- 
ered that could act in concert. The most attractive 
of these is through the inhibition of cAMP PDEs, 
which provides a logical rationale for the further 
development of second and third generation ' theo- 
phyllines' (see section 2). However, the concentra- 
tion of theophylline in the blood necessary to pro- 
duce anti- inflammatory effects generally is less 
than 1 0 mg/L, which has a negligible effect on cAVlP 
hydrolysis and, accordingly, has resurrected the 
proposal of a cAMP-independent m echanism of ac- 
tion, Although several possibilities have been ad- 
vanced including adenosine receptor antagonism, 
the inhibition of Ca 2+ influx into target cells and 
the elaboration of catecholamines, none satisfactory 
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account for the results described abov e. It is of con- 
siderable interest that theophylline was recently 
shown to inhibit the activation of the transcription 
factor, nuclear factor kB (HFkB), in human mast 
cells at therapeutic concentrations (6 to 1 8 mg;(L or 
3 0 to 1 00 umol/L) that are below tho se require d to 
inhibit c AMP hydroly sis I 21 "* 1 Potentially, this is a 
significant finding as many pro-inflammatory 
genes relevant to asthma pathogenesis are believed 
to be regulated by KFkB including TNFoc, IL-l p, 
GM-CSF and the growth factor RANTES (Regu- 
lated on Activation, Normal T cell Expressed and 
Secreted), t 21 5 1 

If theophylline does, indeed, owe its therapeutic 
activity to a mechanism other that PDE inhibition, 
then a dedicated chemistry effort around the alkyl- 
xanthine structure could result in compounds with 
enhanced therapeutic activity and reduced adverse 
effects that, paradoxically, might be achieved by 
reducing the ability of such compounds to inhibit 
PDE. In this respect, the xanthine derivative arof- 
ylline (LAS- 3 1 025) has now entered Phase III clin- 
ical trials for the treatment of asthma based on en- 
couraging Phase II studies in which a dose of 2Qmg 
significantly improved FE Vi after oral administra- 
tion ( 216 > 21 ? ] Arofyl line is a relatively weak inhibitor 
of PDE4 but, nevertheless, displays an anti-inflam- 
matory profile in animal models of asthma similar 
to rolipram. It has been reported that arofyl line is 
free of cardiovascular and CNS adverse effects in 
anim als and is considerably less emetic in dogs than 
rolipram with a 10-times greater therapeutic index 
(see Norm ant 14 " 1 1). Results from further clinical tri- 
als are eagerly awaited. 

7. Where Do We Go From Here? 

In the preceding sections, evidence is provided 
that second generation PDE4 inhibitors, exempli- 
fied by SB-207499, may improve, albeit to a limited 
extent, lung function in patients with asthm a. How- 
ever, despite an extensive research effort, 'proof of 
concept' studies in human volunteers designed to 
assess if PDE4 inhibitors exert an antiinflamma- 
tory influence in clinical asthma still are not avail- 
able. Given the number of clinical trials that have 



been conducted, one can conclude that at the max- 
imum tolerated doses no evidence for an anti-inflam- 
matory effect has been found How then can the 
anti-inflammatory potential of PDE4 inhibitors be 
evaluated in humans if acute adverse effects (e.g. 
nausea, vomiting) preclude the administration of 
higher, potentially therapeutically-active, doses? 
One possibility is thr ough the use of antiemetic drugs 
such as prochlorperazine or ondansetron, which 
could allow inhibitors to be given to v olunteers with 
asthma in doses sufficient to inhibit PDE 4 activity 
in vivo. 

In the absence of a 'proof of concept' , what are 
the ways forward? Assuming that the overall idea 
is correct^ then the identification of PDE4 inhibi- 
tors with m arkedly improv ed therapeutic indices is 
clearly desirable if these drugs are to be used as a 
monotherapy in asthma. However, in light of the 
success in combining a |3 2 -adrenoceptor agonist 
(salmeterol) with a steroid (fluticasone) as a single 
formulation (Seretide 11 ^), it is tempting to ask if 
similar benefit would be derived in combining low 
dose PDE4 inhibitors with existing therapies. In- 
deed, synergy might be predicted at the level of 
cAMP accumulation with a combination of a [3 2 - 
adrenoceptor agonist and a PDE4 inhibitor, and, so 
theoretically, this combination could be more effi- 
cacious than either drug alone. The idea of com- 
bining a PDE4 inhibitor with a steroid is also at- 
tractive since it could be steroid- sparing. 

If the inflamm ation that underlie s asthm a is ul- 
timately shown not to respond adequately to PDE4 
inhibitors and the modest improvement in lung 
function observed in clinical trials merely reflects 
an action on airways smooth muscle, then it is im- 
portant to appreciate that other diseases such as 
rheum atoid arthritis, t 184 ! atopic derm atitis^ 21 8 I and 
CGPDj 151f219 I which have a different inflammatory 
basis, may be sensitive to intervention with these 
drugs. In this respect, a recent trial of SB-207499 
in patients with OOPD provides optimism that 
PDE4 inhibitors do, indeed, have potential in the 
treatment of certain respiratory disorders. At a con- 
ference held in London in September 1998, it was 
reported that in a group of patients with moderate 
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C< )PD (mean F.KVi — 47% of predicted; m ean sra ok- 
ing history 39.7 pack years), SB-207499 15mg 
twice daily improved FEVr by 160ml (1 1 % of the 
initial FEVi) over a 6- week treatment period com- 
pared with placebo (see Rogers and Giembycz^ 144 !), 
Similar improvements, relative to placebo, were ob- 
served in forced vital capacity and peak expiratory 
flow rate after 6 weeks treatment. These results have 
been published in abstract form . I 220 J However, it is 
not known if SB 207499 is acting as an anti-in- 
flammatory agent or a smooth muscle relaxant. If 
SB— 207499 does impact upon the neutrophilic in- 
flammation that characterises COPD, then a criti- 
cal question is why this drug is relatively inactive 
at the same dose s in clinical trials for asthm a. One 
explanation for this apparent paradox is that in- 
flammatory processes in COPD are m ore sensitive 
to SB-207499. If this is true, then a prediction is 
that PDE4 inhibitors in general should provide 
clinical benefit in this disease. Alternatively, the 
selectivity of SB-207499 for the PDE4D isoen- 
zyme might be a critical determinant o'f efficacy 
(but see section 6. 1) necessitating the development 
of third generation inhibitors to optimise isoen- 
zyme selectMty. Given these possibilities, a quan- 
titative comparis on of the role of PDE4 inhibitors, 
and of the functional significance of PDE4D and 
the other gene families, in regulating pro-inflam- 
matory responses in cells central to the pathology 
of GOPD (e.g. neutrophils, alveolar macrophages) 
and asthma (e.g. CD4-h T lymphocytes, eosino- 
phils) could be instructive. 
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